Background: Chemotherapy is an important tool for controlling enterovirus infections, but clinically effective antienterovirus drugs do not currently exist, mainly due to the development of drug resistance. We investigated the combination effects of enterovirus replication inhibitors in order to limit this process. In previous studies, we showed the efficacy of consecutive alternating administration of the triple combinations disoxaril/guanidine/oxoglaucine and pleconaril/guanidine/oxoglaucine against coxsackievirus B1 infection in newborn mice. Drug sensitivity tests of the viral brain isolates showed that these drug combinations prevented the development of drug resistance.
human tissues and organs. Besides, a significant obstacle to introducing traditional epidemiologic measures was manifested-more than 80% of infected individuals were asymptomatic (lack of a clinical picture). 1, 7, 8 This uncommon occurrence was explained by the existence of EV progeny consisting of billions of quasispecies, 9, 10 due to the proven mutation rate of 10 À3 in EV replication, 11, 12 a value without analogy in the biological world.
Such quasispecies are at the basis of the rapid development of drug resistance to each established EV replication inhibitor. There is no exclusion of resistance appearance in all studies carried out with application of monotherapeutic courses. 13 Despite the considerable efforts of research studies and organized clinical trials, chemotherapy for EV infections is still missing from clinical practice. But there are indisputable indications for its application: (i) the severity of a series of EV-caused illnesses, (ii) the large number of EV species and serotypes, (iii) the social importance of certain EV infections, which is connected with their widespread occurrence, and (iv) the absence of vaccinal prophylaxis, excluding the anti-poliomyelitis vaccines. Recently, progress has been made in the development of a vaccine against EV 71. 14 Another special indication is the development of efficacious anti-polio drugs. 15 These will be of great benefit for post-exposure prophylaxis and outbreak control. 16, 17 One proposed approach for preventing the development of anti-EV drug resistance is the introduction of combination chemotherapy. An investigation of multiple anti-EV inhibitory substances used in double combinations against a broad spectrum of EVs identified a considerable number of such combinations that had synergistic combined effects. 13 In specific experiments, as in the synergistic combination disoxaril þ enviroxime against poliovirus 1, a double drug resistance was proven. 18 Herrmann and Herrmann 19 postulated that the development of resistance is an obligatory indicator for considering a substance that inhibits viral replication to be a specific virus inhibitor.
In a study of newborn mice with coxsackievirus B1 (CVB1) neuroinfection treated with the VP1 ligand disoxaril (a WIN compound), drug resistance developed four to six days after virus inoculation. The disoxarilresistant mutant was characterized by a panel of phenotypic markers (50% inhibitory concentration-IC 50 , plaque shape, and size, susceptibility at 50 C, and an increased pathogenicity for mice). The molecular genetic basis of the drug resistance consisted of specific replacements in amino acid consequences coded in the VP1 locus. 20 Based on the results summarized so far, we decided to examine the in vivo combination effects of EV replication inhibitors with different mechanisms of action. We investigated the activity of double, triple, and quadruple combinations, either administered consecutively and alternatingly (i.e. not simultaneously) (consecutive alternating administration, CAA) or applied simultaneously and daily, in newborn mice infected with CVB1 20 MLD 50 . For the CAA course, we also tested the influence of the substance application order. In addition to placebo groups, monotherapeutic courses of the compounds comprising the triple combinations were used as controls. The best antiviral effect was produced by the triple combination via CAA with compounds applied in a specific sequence-an inhibitor targeting the capsid protein VP1 had to be administered first. 21 Initially, the effect of the CAA course with the triple combination disoxaril þ guanidine-HCl þ oxoglaucine (DGO) was tested on mice inoculated with CVB1. This combination (DGO via CAA) reached a protection effect of approximately 50%. It had the same efficacy against infections with neurotropic (Nancy) and cardiotropic (Woodruff) strains of CVB3. 22 We subsequently replaced the disoxaril with pleconaril (i.e. PGO), a VP1 blocker possessing its own in vivo activity, though it also has some toxicity. The PGO combination via CAA also manifested a pronounced protective effect against experimental neuroinfection with CVB1 20 MLD 50 . 23 The in vivo antiviral effect of oxoglaucine (the third component in PGO) is distinguished by modest values (S. Spasov and A. S. Galabov, unpublished data); however, the second component-guanidine-HCl-does not generally have an individual in vivo effect. 24 This fact compelled us to replace later guanidine-HCl with another inhibitor of viral RNA synthesis, the compound 2-(3,4-dichlorophenoxy)-5-nitrobenzonitrile (MDL-860). 25 This Merrill-Dow Pharmaceuticals product (synthesized initially by L. Markley) is notable for its wide anti-EV scope and for its in vivo effects on cardiotropic CVB3 infection in adult mice. 26 In the present work, we investigated the effect of a modified triple combination, pleconaril þ MDL-860 þ oxoglaucine (PMO) on experimental CVB1 neuroinfection in newborn mice.
Methods Cells
Monolayer cultures of human epithelial type 2 (HEp-2) cells (National Bank for Industrial Microorganisms and Cell Cultures, Sofia, Bulgaria), 3.5-4.0 Â 10 5 cells/ml, in six-well plates (CELLSTAR, Greiner Bio-One GmbH, Frickenhausen, Germany), were used for both plaque purification of viral isolates from mouse brains and determination of 50% inhibitory concentrations (IC 50 ). Cells were grown in Dulbecco's minimal essential medium (DMEM; Gibco BRL, Paisley, Scotland), containing 10% fetal bovine serum (FBS; Gibco BRL) and supplemented with 10 mM HEPES buffer (Merck, Germany) and antibiotics (penicillin: 100 IU/ml; streptomycin: 100 mg/ml) in a HERAcell 150 incubator (Heraeus, Germany) at 37 C, 5% CO 2 , and high humidity. Maintenance medium was DMEM with 0.5% heated FBS.
Virus
Coxsackievirus B1 (Connecticut-5 strain) for in vivo experiments was obtained through intracerebral passages (0.02 ml/mouse) in newborn albino mice and prepared as a 10% brain suspension in phosphate-buffered saline (PBS). The virus was passaged at least three times intracerebrally in newborn mice (without intermediary passages in cell cultures).
Mice
ICR random-bred newborn albino mice (obtained from the Experimental and Breeding Base for Laboratory Animals of the Bulgarian Academy of Sciences, Slivnitza, Bulgaria) were used. Each dam was housed in specially designed, well-ventilated acrylic cage containers, with free access to water and food, and main- 
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The number of animals per experimental group was approximately 40. Prior to treatment, newborn mice received subcutaneous inoculations of CVB1 at 20 MLD 50 (mouse lethal dose). CAA treatment groups received PMO compounds, administered consecutively, starting 1 h post-inoculation (day 1) and continuing through day 12. Pleconaril was administered orally, while MDL-860 and oxoglaucine were injected subcutaneously. As Table 1 shows, each compound was administered every third day, one compound per day, beginning with pleconaril, followed by MDL-860, and ending with oxoglaucine. MDL-860 was applied at different doses: 25, 50, 75, and 100 mg/kg. Each group received pleconaril at a dose of 25 mg/kg and oxoglaucine at the same dose (25 mg/kg). These doses were selected as optimal based on previous experiments in our laboratory 23 In addition to the placebo group (received 1/1 v:v PEG400/saline every day), one group received simultaneously administered PMO every day, and control groups received monotherapies of pleconaril, MDL-860, or oxoglaucine, administered daily at the doses described above. Cumulative mortality (percentage) and mean survival time (days) were recorded.
The weight (in grams) of suckling mice was also registered in dynamics as an indicator of the compounds' toxicity in the infected body.
Preparation of virus isolates
Virus samples (three to four brain samples from each group) were collected daily beginning on day 4 and continuing through one day after treatment ended (day 13). For each group, samples were combined, and brain isolates were prepared as 10% brain suspensions in PBS.
Virus assay and plaque purification of virus isolates
Viral content of brain isolates was determined by the plaque method. 27 Monolayer HEp-2 cell cultures were inoculated with 10-fold dilutions of each virus stock and left for 1 h at 37 C for virus adsorption. The agar overlay (1.75 ml per dish) was 1% purified agar (Oxoid Ltd, Basingstoke, Haunts, UK) in DMEM, supplemented with 10% heated calf serum, 1.65 g/ml sodium bicarbonate, and antibiotics (penicillin: 100 IU/ml; streptomycin: 100 g/ml). After 48 h incubation at 37 C, a neutral red-containing agar overlay (1.5% agar with 0.02% neutral red (Fluka, Buchs, Switzerland) in physiological saline) was added. Plates were then kept at room temperature, and the number of plaque forming units (PFU) were recorded after 24 h. A single plaque from each viral stock, isolated from the appropriate dilution, was resuspended in 0.5% heated calf serum in DMEM.
Virus sensitivity to pleconaril, MDL-860, and oxoglaucine
Herrmann's 28 and Siminoff's 29 plaque-inhibition test was used on previously plaque-purified virus progenies. Monolayer HEp-2 cell cultures were inoculated with 50-60 PFU/ml of virus per well, left for 1 h at 37 C for virus adsorption, and covered with agar overlays (described in the Virus assay and plaque purification of virus isolates section). The overlays also contained test compounds in the following concentrations: pleconaril ¼ 0.001, 0.0032, 0.01, 0.032, 0.1, and 0.32 mM; MDL-860 and oxoglaucine ¼ 0.1, 0.32, 1, 3.2, and 10 mM. Following incubation (48 h, 37 C), neutral red-containing agar overlays were added (described in the Virus assay and plaque purification of virus isolates section).The percentage of PFU inhibition was compared to that in the control plates (no test compound in the agar overlay). For each virus sample, the inhibitory concentration of compound required to inhibit the plaque titer by 50% (IC 50 ) was determined. Each sensitivity test was performed three times.
Statistical analysis
Mortality was followed until day 12, and survival time was calculated as the period from day 1 (inoculation day) until one day before death. The protection index (PI) was calculated by the equation PI ¼ ((PC À 1)/PC) Â 100, where PC is the protection coefficient (% mortality in the placebo group/% mortality in the drug-treated group). Two-tailed Fisher's exact test was used to compare survival rates between groups. One-way analysis of variance (ANOVA) with Bonferroni's post-test was used to determine betweengroup differences in infectious virus titer values of the brain samples, mean survival times (MST), and IC 50 values. A value of P < 0.05 was considered statistically significant for all analyses. Two-tailed unpaired t test was applied in parallel with the one-way ANOVA analysis to illustrate the susceptibility difference of isolates in pleconaril-treated groups.
Results

Effect of consecutively applied PMO combination on experimental CVB1 infection in newborn mice
When applied as monotherapy, MDL-860 did not show a protection effect. Daily monotherapeutic MDL-860 administered in a dose-response design to newborn mice inoculated with CVB1 (20 MLD 50 ) increased MST by 2.1 days at 75 mg/kg, and by 1.5 days at 100 mg/kg, as compared to placebo (Table 2, Figure 1 ). However, in the PMO via CAA scheme, the 75 mg/kg dose of MDL-860 showed high antiviral activity-a protective effect of approximately 50%, and MST increased by 6.3 days compared to placebo ( Table 2, Figures 2 and 3) . At 50 mg/kg MDL-860 in the triple combination, only a marked lengthening of MST by 4.6 days was found (Table 2, Figure 2 ).
No combination toxicity was observed when the growth of body weights of the infected suckling mice treated with P 25 M 75 O 25 via CAA course were traced as compared with the non-infected and treated animals (Figure 4) . At the end of the observed period of time (day 11 post-infection), the mean body weight of 5.1 AE 0.4 g of infected animals treated with P 25 M 75 O 25 via CAA course was registered (Figure 4(a) ), while at non-infected and treated mice, it was 4.2 AE 0.5 g (Figure 4(b) ). The simultaneous every day application of P 25 M 75 O 25 lead to an earlier mortality in the group of non-infected animals due most probably to the combined toxicity (Figure 4(b) ), while in the infected bodies, the virus infection effect is supplemented (Figure 4(a) ).
The monotherapeutic course with pleconaril (25 mg/kg) manifested its 23 antiviral activity (a protection effect of 31.1% and MST increased by four days), whereas oxoglaucine had no effect. The simultaneous PMO course, applied daily, was ineffective which could be related with a toxicity (Table 2, Figure 3 ).
Effect of PMO combination on infectious virus content in brains of treated mice
The antiviral activity of PMO via CAA against CVB1 infection was especially pronounced in comparisons of infectious virus content in the brains of the monotherapy-treated animals and the placebo group. For this analysis, the PMO with 75 mg/kg dose of MDL-860 was also the most effective combination (Figure 5 (a) and (b)). After day 7 post-inoculation, the PMO via CAA group's brain samples had a virus titer 4-5 logs lower than that of the 25 mg/kg pleconaril monotherapy group. Titers were approximately equal up through day 7.
Virus brain isolates sensitivity to pleconaril following the PMO combination via CAA treatment course
Virus isolates from the brains of mice treated with the PMO combination (with 75 mg/kg MDL-860) via CAA scheme manifested a lack of drug resistance to pleconaril within days 4 to 10 followed by some increase of susceptibility to pleconaril manifested at days 11 to 13. The ratios between the IC 50 values of the pleconaril group and the PMO via CAA group were as follows: day 4 ¼ 2.9; day 5 ¼ 2.1; day 6 ¼ 3.8; day 7 ¼ 6.9; day 8 ¼ 6.4; day 9 ¼ 6.8; day 10 ¼ 11.1; day 11 ¼ 16.0; day 12 ¼ 42.0; day 13 ¼ 49.4 ( Table 3) .
When the pleconaril susceptibility in the brain samples from mice subjected to the monotherapeutic pleconaril course was related to the placebo group samples, a development of a pronounced resistance to pleconaril was registered since day 7 post-infection (7.4-fold increase of IC 50 ), attaining maximum at day 13 (24.7-fold increase of IC 50 ). The same analysis toward the triple combination via the CAA course demonstrated a lack of the pleconaril resistance till day 9 (ratio CAA to placebo around 1), and no statistically significant increase of drug sensitivity within days 11 to 13 (ratio below 0.5).
Virus brain isolates sensitivity to MDL-860 following the PMO combination via CAA treatment course
As seen in Table 4 , a marked resistance to MDL-860 at a dose of 75 mg/kg was registered at monotherapeutic MDL-860 course. The influence of the PMO combination via CAA course was well demonstrable: IC 50 value at MDL-860 monotherapy was 5.9 times higher on day 6 post-inoculation than that of the PMO via CAA course, and it was 28.9 times higher on day 7. The sensitivity to MDL-860 expressed as a ratio CAA to placebo was close to 1 till day 5. Then, the MDL-860 sensitivity (ratio placebo/CAA) was markedly increased: 2 times on day 6, 8.2 times on day 7, and 8.9 on day 13. The sensitivity of CVB1 isolated at day 13 during the PMO via CAA course was 6.8 times higher than the virus isolated at day 5 (P < 0.001).
Virus brain isolates sensitivity to oxoglaucine following the PMO combination via CAA treatment course
There was also increased susceptibility to the third component of the PMO combination-oxoglaucine, a substance which did not show a separate protective effect in vivo. Despite this, PMO via CAA (with 75 mg/kg MDL-860) showed a six-fold decrease in IC 50 values to oxoglaucine from day 5 to day 13 (P < 0.001) ( Table 5 ). The oxoglaucine sensitivity expressed as a ratio CAA to placebo was around 1 till day 7. Then, an increase of the oxoglaucine sensitivity (ratio CAA/ placebo) was markedly increased, 4.9 times (6.8 times vs. monotherapy).
Discussion
The replacement of guanidine-HCl with MDL-860 in the triple combination applied through the CAA treatment scheme was aimed at introducing an anti-enteroviral substance that had shown in vivo activity in a model of coxsackie A21 virus in mice, using subcutaneous application, 30 and in 15 -g mice with myocarditis induced by a cardiotropic strain of coxsackievirus B3. 26 An effective daily dose of 250 mg/kg was applied in both of these studies. In the present investigation of newborn mice infected with CVB1, an optimal effect, expressed by a roughly 2-day increase in MST, was attained at a daily dose of 75 mg/kg. At lower doses the compound was inactive, and at the higher dose of 100 mg/kg, its effect was diminished. The latter result could be due to toxicity, which was observed during the study on 15 g mice treated with 250 mg/kg doses of MDL-860. 26 The PMO combination containing the efficacious 75 mg/kg dose of MDL-860 and applied following the CAA course demonstrated a remarkably high antienteroviral effect, which was expressed as a protective effect of $50% against massive infection (20 MLD 50 ) with coxsackievirus B1, which provoked a lethal, fastrunning encephalitis in newborn mice. Evidently, the VP1 blocker, pleconaril, played a particular role in the combination's activity, as was established in a previous study. 23 It must be stressed that the effect of P 25 M 75 O 25 in this study was higher than that of the combination P 25 G 45 O 25 , used against the same infection (CVB1 20 MLD 50 in newborn mice) in a previous study. 23 The P 25 M 75 O 25 combination also showed a markedly more pronounced suppression of virus titers in brain samples from treated mice. Besides, this effect occurred three days earlier-on day 8. Thus, the inclusion of MDL-860 appears to have improved the combination's effect.
This study convincingly confirms another important property of consecutive alternating administration of EV replication inhibitors with different mechanisms of action: CAA not only restrains drug resistance but also increases drug sensitivity (susceptibility). Sensitivity to MDL-860 (IC 50 values) increased during CAA course with PMO 8.2 times vs. placebo on day 7 and 28.9 times vs. MDL-860 monotherapy. The sensitivity to oxoglaucine at PMO CAA course was increased six times on day 13 as compared to day 4 (6.8 times vs. oxoglaucine monotherapy and 4.8 times vs. placebo). Evidently, this unusual phenomenon is a leading characteristic of the CAA treatment approach. It was observed in all studies of the in vivo anti-EV activity of triple combinations via this novel scheme of drug administration-DGO vs. CVB1, 22 PGO vs. CVB1, 23 and now, PMO vs. CVB1.
With regard to the pleconaril, in the present study, we found its sensitivity in the PMO combination via CAA course was completely preserved till the end of the period of observation (day 13). This is in contrast to the pronouncedly marked development of resistance during the pleconaril monotherapy course: 7 times lower IC 50 values at day 7 at PMO combination via CAA course, 42 times on day 12, and by more than 49 times on day 13. Besides, no statistically significant increase of sensitivity to pleconaril was observed at days 12/13. We consider the finding of influence on drug sensitivity as very important for promoting CAA as a treatment approach in anti-enteroviral chemotherapy.
In order to clear the mechanism of the suppression of development of drug resistance and the subsequent appearance of the drug-increased sensitivity phenomenon, we are in the course of conducting molecular genetic analyses of viral progenies within the entire period of the CAA course with PMO.
It is clear that this problem is closely related with the mode of inhibitory effect on EV replication of each substance included in the combination. It is known that the WIN compounds, disoxail/pleconaril, in the DGO and PGO combinations target the VP1 protein in the enteroviral capsid, removing the pocket factor (a lipid moiety molecule) in the VP1 hydrophobic pocket. 31 The second component in the combinations DGO/PGO, guanidine-HCl, is a ligand of the 2 C protein, which suppresses daughter RNA (þ) chain initiation during virus replication. 32 In the present study, guanidine-HCl was replaced by MDL-860. Its mechanism of anti-EV action has not been clarified, but it is thought to interfere at an early stage, post-uncoating, in EV replication 33, 34 ; a function of the virus replicative complex, viral RNA polymerase, has been suggested. 24 And finally, the third component-oxoglaucine, is an aporphinoid alkaloid isolated from the epigeous parts of the yellow horn poppy (Glaucium flavum Cranz). 35, 36 Oxoglaucine's mechanism of action, established recently, 37 has an enviroxime-like effect, i.e. its acts as an inhibitor of PI4KB and therefore inhibits the formation of the replication complexes of EVs.
Another open question is the interrelations between the compounds included in the triple combination via CAA treatment course. Especially interesting is the possible influence on the pharmacokinetics processes.
The double-blind placebo-controlled clinical trials of EV replication inhibitors selected through preclinical studies have so far failed. This is undoubtedly due mainly to the lack of selectivity, substantiated by well-expressed side effects in the human body. There are several examples of such trials: disoxaril (WIN51711) and WIN 54954; 38 pleconaril (WIN63843) 39, 40 ; and BTA-798 (an oxime ether analogue of pirodavir). 41 The results of these trials agree with the manifested lack of efficacy in in vivo models of a majority of substances that are active in vitro. More precisely, fewer than 20 of the hundreds of EV replication inhibitors have manifested some in vivo activity. These trial results show that, at present, clinically effective antivirals for treating enteroviral infections do not exist. Thus, the realization of anti-enteroviral chemotherapy is a problem for the future.
Continuing development of the treatment approach discussed here-triple anti-enteroviral combinations via consecutive alternating administration-may contribute an important perspective for establishing efficacious anti-enteroviral chemotherapy. Table 5 . Sensitivity to oxoglaucine in plaque inhibition tests of virus brain isolates from newborn mice infected with CVB1.
Group
Oxoglaucine IC 50 values (mM) of viral brain samples Taken on day (after viral inoculation) 
